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Induced electromotive force (emf) 
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Magnetic Circuit with two coils : 
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two fluxes in the same direction (p = (f 1 + <p 2 

two fluxes are not in the same direction (p = (p 1 — (p 2 





Properties of Magnetic Materials 


(Iron is a popular example) 
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R ,g is constant at the linear region and varies at the knee and sat. 
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Magnetic Hysteresis 
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Magnetic Flux Leakage 
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Magnetic Flux fringing 



A c = xy 
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Energy Stored in the magnetic field 
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P(active Power ) = E rms I cos 90 = 0 

u»nn reactive power au o> ^JLc ^nJLoJI ojiJ cyg^waJI aolkJI ideal Jl oJl> oil £1 

Q ( Reactive Power ) = E rms I sin 90 




In Ideal -2 


in phase ijjujJ jJgjuw ftJoXLo jxc jiLclII cy ^gjxUI jlull 


a sc***— v_> 




ijjuui) jjqJ IrhJLafl jAnjg Q jgAj jAJ 90 <jgAj U jLuCJI jju cugl jJI 

I c = I cos 6 
= 1 sin 0 

— active power P = E rms I cos 6 — E rms I c 
— reactive Power Q — E rms I sin 0 — E rms 

_(pR _ HI 

I(p ~ IT ~lsr 

T _ Hrms l 

lrms(4>) ~ ~j\j 



















Excitation Power 
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Magnetic Core Losses (Iron Losses) 


Piron Pcore Ph WCLtt 

Eddy Current ( Losses ) 
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Hysteresies Losses 
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Experiment: Meosurment of turns ration of the coupled coils 
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Ch 3 : Principles of electromagnetic energy conversion 
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MO Ag 


rotor <J Jc. reluctanceJ' 

IgW L = — 

Mo A g {6) ' R 

at 0 = 0 -> Rmin -» L Max 
at Q 90 — * Rmclx —* LMin 



dX{6, i ) 
dt 


A = L (0)i 




if AC 


jUXJI jio*i RJ| ji 0*1 +J&JJU 

+ 


di dL di dLdO di dLdO 

6 dt + 1 dt dt 1 dt dQ dt 1 dO dt 

static transformer dynamic speed voltage static transformer dynamic speed voltage 


di 
L — 
dt 


+ 


dL . 
l dO ° 


di 
L — 
dt 


+ 


dL 

i — a) 

dQ 


KVL v-e =0 therefore e=v 
v = IR + e 
v = v t + Vf 

axilla ^I |_ <JIj \/ f j (JI 

L J' Vj Aiilii air gap J' jla^l rotor J' 

( <j| jkJ rotor J' ) L J' ^ 

static transformer 


e = 


di 

L n 




-salill ^ic. Axu*j j (j-a -lie. <C-qj£j ^ dlliLaJI 

rotor J' c3j* t -^ 3 K. Uh j"^ u^j 3=phase 



j' single s- 




stator j^VIj rotor coil 2 


M(0) = kjL 11 (0)L 22 (0) 
h(h>h>0) = Luh + M i 2 
A 2 (ii,i 2 ^)= L 22 i 2 +Mi t 


Transform 


Speed Voltage 


dLn di 2 dM du di 2 dLii dM 

k ^e~ a> +M lF + i2 le a> = Lii 1F + m 1F +k ^e~ 01 + 12 le ‘“ 


Transform 


Speed Voltage 


di2 di i dL 22 dM 

V2=L22 — + M— +i 2 — a> + i 1 —a, 


sjjjua Isua ^llaj jii£i (JIaJ J 



A = L (0)1 








due ) 

V = p (IL (0)1) = L (0) p I +0)—^ / 

de 

For douply excited translational system 

dL(x ) 

¥ = p (L (x) I ) = IL 00 p I + x—-— / 

ax 





For multiply excited systems 


/ r 


■= l fa) J 






Conservative systems 



W e = W fld + w m 


v + e = 0 -> v = — e = 


dX 

di 


W e = f vi dt = 



I 


idX 


X = Li 


dW e = i L(6)di + i 2 


dL(fi ) 




Conclusion : Electrical Energy depends on 

Inductance Variation 
Current Variation 

Fixed System ( Fixed Position ) 

No Mechanical Energy W e = Wf id 
If current changes from il to i2 

J r ^2 

i dX = Area ( bacd ) 

Ai 

For linear i = - L W fld = / £ dA = ^ [A| - 
/or il=0 W m = -^A 2 = hi 2 = \Ai 





Variable System ( Variable Position ) 




very slow 


dX 

= IR+ — 
dt 

dt 


I = 


R 


^=0 ; fast ^ T 




Mechanical Energy 


w fld . = 


Wi 


fid 


1 = f \dX = 
*'0 
rh 

= idX = 

Jo 


= Oado 


Obeo 


m fld = W fld2 - W fUi = obeo - oado 

r^2 

W e = I i dX = abeda 
hi 

W m — W e — A Wfi d ~ abeda — obeo + oado — Oabo 
for linear system 

W e = (A 2 - Ai )I S ; W fld = J 2 idA = f 1 idA = ^I S [A 2 - AJ 

m_Aj 
2 [ l 2 Li 


W m = W e ~ AW fld = X - I s [ A 2 - A ± ] = ^ I ^ ^ 





Coenergy 


It's a mothemoticol expression that facilities the calculation of Torque 

Graphically : it's the area under the curve 

W/id = [ Adi 
J o 

Where: W fld + W} ld = U for Linear W fld = W} m = \kl = \ll 2 = i 


Wfid W} m 

i = —r— ; A = —— 9 const 


dA 


di 


T — — 


Wi 


fid 


dG 


A const — 


Wfld 

dG 


i const 


Linear Torque from energy and co energy 



The direction of Torque tends to : 


Increase the coenergy of a constant current 
Decrease the stored energy of a constant X 
Increase the inductance 
Decrease the reluctance 



For Multiply Excited System 


i T = lhi 2 ... in] 

* T = [h A 2 ...A n ] 

j-k = Ak 1 + A k2 H-1- A/tn 

W/w = w; id = X -i T A 



iiMhi 


Where A = Li 


L a-v 
»n^ 


ITYi-ll 

3 

rn fi j 



Wfri = i(A)« 

_ aw; w _ 1 , T due) . 

39 2 1 39 1 


Rotating 

Translating 

T 

F 

6 

X 

a) = d6/dt 

v — dx/dt 

W = TO 

II 

P = To) 

P = Fv 











Ch4 :GeneraI Torque Expression 


For this system the torque expression 

M 


, N 1 ? dL 


1 dL 


2 
>As ; 


cLO 


hki2 de 


The stator self-inductance Ln m fiio + Ltimcos (29) 

The rotor self-inductance Lzi m Li 2 a * Lam cos (20) 

The mutual inductance between the stator and rotor coils 


M - Mn^cos (0) 



Figure 4-1 Doubly-excited single-phase rotatw 
double-saliency 


At steady state 6 — Pa) m t — a) m t and assume t = 0, 6 = 0 

For P pair poles 
0 = Pa) m t 


f-u ■ in, + inn, COS (2 Puts t) 
= Ll 34 + Lnn CDS {1 Pto m f) 

M =A/ nii .cos {Pm a t) 


ti = Jimcos (cai f + <pi) siaTor 
(i “ fimCOS (u2 1 * o;) rotor 

Subs in torque equation : 

T(t) = -ll m L llm cos 2 (w 1 t + (p^ sin( 2 Pa> m t) 

-llm L 22m cos 2 (w 2 t + 4 > 2 ) sin( 2 P(O m t) 

-kmhmMm cos^t + (pjcos^t + <p 2 ) sin( Pco m t ) 

1 

Cos 2 ( X)=- (1 + cos 2X) 

L* 

CosG4) cos (B) = cosG4 + B) + Cos(A - B) 















T(t) = 


J 2 T 


(l + cos(26i) 1 t + 200) sin( 2 Pa) m t) 


— I 2 I 


2m^22m 


(l + cos(2co 2 t + 20 2 )) sin( 2 Pco m t) 


hmhm^m 


COS(((jl) 1 + 60 2 )t + 0i + 0 2 ) +(C05((60! - 60 2 )t + 0! 


— 0 2 )) sin( Pa) m t) 


sin J' ejiaik 














4 conditions when the overage is not 0 (unidirectional Torque) 


Condition 1 

Condition 2 

Torque due to rotor saliency 

Torque due to stator saliency 

■ =±^ provided thatt^O 

Glj 

= ±—j- provided that 0 

T„-±^U^si n (2c>) 

■ 4 

V l LT ■ J ■ 

T„ - ± iLhM sin(2y 2 ) 

Condition 3 

Condition 4 

Torque due to mutual coupling 

Torque due to mutual coupling 

I pj.Q V jj e d that {qft +^2 o 

p 

IV -&)■>) 

= ± ^ provided that {q>i - tpj)* □ 

sin fa +(Pj ) 

4 



Conditions 1,2 ; Saliency Torque it requires saliency or inductance variation 
conditions 3,4 : Mutual Torque requires 2 mutually couples 

For energy conversion it depend on one of the previous conditions 


MACHINES 


1- Salient Pole Synchronous machine : 



Figure 4-2 Salient-Pole Synchronous Machine 

♦ 






































Stotor: Cylindrical Excitation : AC (cj^ 

Rotor: Salient Excitation : DC (co 2 = 0) 

Rotor connected through carbon brushes on slip rings 


Achieved conditions (1),(3),(4) 


M m = ± — 


T = + 

1 av — 


^1 ^11 m . \ , ^lm^2dc^Max . , , n 

--- 5111 ( 20 !) +- - - 5111 ( 0 !) 

2- Cylidrical Rotor synchronous machine 



Stator: Cylindrical Excitation : AC (a)^ 
Rotor: Cylindrical Excitation : DC (a) 2 = 0) 

^lm^2dc^Max 


7=4 

1 av — 


sin(0i) 


3- Relcutance Machine 




















Stotor: Cylindrical Excitation : AC (oj^ 

Rotor: Salient Excitation : NO COIL NO EXCITATION 


T = + 
1 av -C. 


^1^11 m 


sin&fa) 


4- DC Machine 


Stator: Salient Excitation : DC 
Rotor: Cylendrical Excitation : DC-> 
comm-> AC) 



Commutator: mechanical rotating 
rectifier 

Disastvantage : commutator and brushes 
wear out 

In the synchronous its better because the 
problems of current flow between fixed 
and rotating part are reduced 




Side view 

Figure 4-5 DC machine 























5- Induction Machine 


Stator: Cylindrical Excitation : AC (ajf) 

Rotor: Cylindrical Excitation : no excitation coil short circuited 


The rotor coil has induced emd which will has frequency 

(x) 2 =(x) 1 - P(O m 
it satisties condition 4 


T = 


hmhm^m 


sin( 0 i - 0 2 ) 


Ch: 5MMF Space Distribution 


If we fourier analysis for concentrated DC single coil MMF it will change only in 0 

n Ni 

F = — — cos 6 
4 2 

for distributed DC single coil MMF it will change only in 0 and have kw 
F = \ Y cos 0; the peak for each coil alone F = y * j 
for distributed AC single phase MMF it will change only in 0 and have kw 


n NI m F Pm 

F — — —— k w cos 6 cos o)t — F pm cos 6 cos ot = —— [cos 6 — ot + cos 6 + ot] 

l Ld Ld 


It has 2 compinents +ve and -ve so it's called Pulsating they have the same magnitude in 

opposite diretions 

for distributed AC three phase MMF it will change only in 0 and have kw 


I a — I m cos o)t )I b = I m cos wt — 120 ; / c = I m cos wt + 120 
F t = F pm cos 6 cos wt + F pm cos 6 cos wt — 120 + F pm cos 6 cos wt + 120 

3 

••• Ft = 2 Fpm cos ( e - 0it ) 












A rotating eave travelling on the positive position with a constant magnitude 3/2 Fpm with a 

speed of the angular freguency (w) 

Note: N = 

2 

// we wound on the rotor or stator no difference 
If the 3 phase seguence reversed the torgue will be reversed 


K w = K P K d 
Kd distribution factor: 


Because the coils of the same phase are spatially displaced from each other the induced emf in 
them are not in phase which makes as to get the summation vectorially not arithmetically so 
the voltage induced in phase consisting of N turns has to be reduced by 


Ka = 


Vectorial sum of voltages of varoius coils of same phase 
Arithmatec sum of voltages of varoius coils of same phase 


360 P 

S — g * P * m ; a mec — ; a e i ec — a mec * — 

. rq *a\ . rq*n*a\ 

sin (—) sin ( J ^-) 

K d = - 7W\ ’ f° r 71 harmonics K dn = - JWTck 

q * sin f 2 ) R * s i n (~ 2 —) 

Kp Pitch factor: 

K v appears in chorded winiding only in doubly layer winding lap or wave 

Then it will be reduced by a factor Kp which means that the coil pitch is less than the pole pitch 

B{chording angle ) nB 

K v — cos(---) forn harmomd K pn — cos(—) 


K w = K p * K d if one of them is 0 then k w = 0 



Following the Graphs for the previous cases and the graphical 




















f a 



(a) Exatjng curvem 


p 

A 



Ft&tre Wup ^ 

^ Mtr b„a^„ j„ ., .W 







Ch.B Design Aspect of AC machines 


We mean by designing determining the following 

1-the main dimension of the stator 2-details of stator winding 

3- design details of rotor and its winding 4- Performance characteristics 




Output Equation : 


Q = 3 V 1 V 1 * 10-3 ( kVA ) 



Q = 11* 10“ 3 B * ac* K w * D 2 * L* n {kVA) 


Q = C 0 * D 2 * L* n (kVA) 
C 0 = 11* 10 -3 B * ac* K w 


How to determine the B ( magnetic Loading) Value: 


Lower B 

Higher B 

Magnetization Current 

Iron Loss 

- PF 

Heating & Temp Rise 

Noise & Vibration 

Overload Capacity 

- Size 

- Cost 


B ( suitable Value ): 0.3 -> 0.6 Tesla 





How to determine the ac ( specific electrical Loading) Value : 



ac ( suitable value ) 


10,000 

17,500 Amp.Cond. /Metre 

Machine rating : up to 10 kW 

20,000 

30,000 Amp.Cond. /Metre 

Machine rating : up to 100 kW 

30,000 

45,000 Amp.Cond. /Metre 

Machine rating : > 100 kW 


Relation Between Machine speed and volume : 


D 2 L = 


Q_ 

C 0 n 


nt -> 


( D 2 L represents the IM Volume ) Volume oc - 

n 

Vol.i -> Cost I 


Getting the D, L values: 


From 2 equations : 



Length of air gap: 


g = 0.2 + 2 VDL (mm) ( where D (m)and L (m)) 
g Min = 0-25 mm and gMax ~ 2 3 mm ( for meduim rating IM ) 

D(Rotor Diameter ) = D(stator ) — 2 g 






Net iron Length of the machine : 


Design of stator: 


1- No . of stator slots 


L i = K i l = K i {L-n v b v ) 


nD 

T S gl =Y[ 

S ± ( no of stator slots ) 


nD 

T sgl 


for 3 — 0 machine have P — Poles —> S 1 = 
where q 1 ( no of slots per pole per phase ) = 


3q ± P 
3 P 


if q x (integral )then winding is integral 
if fractional ) winding is fractional slot winding 

x 

q ± (fractional ) = - ; 

y 

no of pole pair divisible by y ; 
if double layer y divisible by 2 
then we go get S ± new 


2- Total number of turns per phase (N ph ) 


N = _ 

ph 4.44 * /c,, 7 * ( 




3- Total number of conductors ( Zf) 


Z x — 3*2 N ph — 6 N ph 


N, 


cl 


Zi 

Si 


4- Number of conductors per slot ( N cl ) 




N cl — single layer winding ( odd or even ) 

N cl — double layer winding ( must be even ) 

N cl — Must be integral 

if not ( correct it to N corrected as integer then fix the values of ) 


Zicorrected ~ ^cl corrected * *^1 

_ 1 

— Nph- corrected ~ ~7 * ^1 -corrected 


~ 01 -corrected 

— B correc t ed — 


V 7 


phi 


4.44 * k w * f * N phi-corrected 
01 -corrected 


T V * L i 


5- 


Sectional Area of stator conductor (Pei) 

_ Q * 10“ 3 

^Phi QT/ 

iv phl 


Fci = 


I 


phi 


Si 

where S 


mm 2 

(current density ) = 


3 4 


A 

mm 2 


Sheet 6 : 


1 - req : L,D ,n v ,S 1 ,N ph 

P = Q = 3.7 kW ; V phl = 4000 ; 3 - 0 ;P = 4 ;/ = 50 Hz ; delta 



B = 0.45 


Wb 

— ;ac = 23000 ; 77 = 0.85 ; PF = 0.84 ; K w = 0.955 ; K t = 0.9 
m z 



